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Abstract.  Earth-directed coronal mass ejections (CMEs) are the main
drivers of major geomagnetic storms. Therefore, a good estimate of the dis-
turbance arrival time at Earth is required for space weather predictions. The
STEREO and SOHO spacecraft were viewing the Sun in near-quadrature
during January 2010- September 2012, providing a unique opportunity to
study the radial speed (V,.qq) - expansion speed (V.,,) relationship of Earth-
directed CMEs. This relationship is useful in estimating the V.4 of Earth-
directed CMEs, when they are observed from Earth-view only. We selected
19 Earth-directed CMEs observed by the LASCO/C3 coronagraph on SOHO
and the SECCHI/COR2 coronagraph on STEREO during January 2010-September
2012. We found that of the three tested geometric CME models the full ice-
cream cone model of the CME describes best the V,4-V.,, relationship, as
suggested by earlier investigations. We also tested the prediction accuracy

of the empirical shock arrival (ESA) model proposed by Gopalswamy et al.
[2005a], while estimating the CME propagation speeds from the CME ex-
pansion speeds. If we use STEREO observations to estimate the CME width
required to calculate the V,,q from the V;,, measurements, the mean abso-
lute error (MAE) of the shock arrival times of the ESA model is 8.4 hours.
If the LASCO measurements are used to estimate the CME width, the MAE
still remains below 17 hours. Therefore by using the simple V,44-Ves)p rela-
tionship to estimate the V.4 of the Earth-directed CMEs, the ESA model

is able to predict the shock arrival times with accuracy comparable to most

other more complex models.
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1. Introduction

Earth-directed coronal mass ejections (CMEs) are able to trigger geomagnetic storms
when they hit Earth’s magnetosphere, provided they contain southward magnetic field
component. Previous studies on the causes of geomagnetic storms have established that
major geomagnetic storms are mostly caused by CMEs or their sheath regions ahead of
them [see, e.g., Gosling et al., 1990; Zhang et al., 2007]. Therefore, a good estimate of
the CME and shock arrival time at Earth is required in order to predict space weather
conditions. In general, CMEs launched near the center of the solar disk arrive at Earth
within 1-5 days [e.g., Gopalswamy et al., 2000]. Various CME and shock propagation
models have been suggested for space weather forecasting purposes. Gopalswamy et al.
[2001] presented an empirical model that attempts to take into account that during IP
propagation CME speeds converge towards the solar wind speed and that the CME ac-
celeration ceases before 1 AU. They applied this model to a set of 47 CMEs observed
during December 1996 and July 2000 and found the average prediction error of the CME
arrival time to be 10.7 hours. A similar CME propagation model that considers explicitly
the effect of the drag force by the solar wind on the CME has been suggested [Vrsnak,
2001; Vrsnak and Gopalswamy, 2002; Borgazzi et al., 2009; Vrsnak et al., 2010]. Studies
using various methods to track the CME propagation have found evidence in support of
the drag force model [e.g., Vrsnak et al., 2004; Byrne et al., 2010; Hess and Zhang, 2014;
Mostl et al., 2014]. However, validation tests of the drag model have shown that the
prediction error of the disturbance arrival time at Earth is around 10 hours [e.g., Owens

and Cargill, 2004; Colaninno et al., 2013; Vrsnak et al., 2014], which is comparable to
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the result by Gopalswamy et al. [2001]. More recently, Hess and Zhang [2015] have been
able to predict the arrival times of both the ejecta and the preceding sheath with the
MAE of 1.5 hours and 3.5 hours, respectively, using a drag-based model. By comparison,
Mostl et al. [2014] were able to achieve the MAE of 6.1 hours after applying an empirical
correction to their predictions derived by fitting the time elongation profiles of CMEs with
different geometrical models. Both these studies extend the CME measurements as far
out from the Sun as possible using data from the Heliospheric Imager (HI) on the Solar
TErrestrial RElations Observatory (STEREO) spacecraft. Shi et al. [2015] did not use HI
distance measurements in their study of 21 Earth-directed CMEs, where they obtained
for three different versions of the drag force model the MAE of ~ 13 hours, which was
reduced to ~ 7-8 hours after excluding five CMEs with observed angular deflections.

A more complex model is the ENLIL model [Odstrcil and Pizzo, 1999; Odstreil et al.,
2004], which is a 3D time-dependent MHD solar wind model that can be used to prop-
agate CME-like structures through heliosphere. The ENLIL model is available online at
the Community Coordinated Modeling Center (CCMC) at NASA Goddard Space Flight
Center. The background solar wind solution needed for the ENLIL model run is provided
by the Magnetohydrodynamics Around a Sphere [MAS; Riley et al., 2006] or the Wang-
Sheely-Arge [WSA; Arge and Pizzo, 2000] model. One should note that in addition to
predicting the shock arrival times, the ENLIL model can be used to predict if the shock
front arrives at Earth or not. Falkenberg et al. [2011] and Mays et al. [2015] used the
ENLIL model to predict shock arrival times and report MAEs of 13-15 hours and 12.3
hours, respectively. However, Taktakishvili et al. [2009] and Millward et al. [2013] have

obtained considerably better predictions with the ENLIL model. They reported MAEs
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of 5.9 hours and 7.5 hours, respectively. Millward et al. [2013] attribute the improvement
in prediction accuracy to the CME Analysis Tool (CAT) that utilizes the three different
viewpoints provided by the Solar and Heliospheric Observatory (SOHO) and STEREO
spacecraft to determine the CME parameters for model input. In a separate study of
CMEs causing strong geomagnetic storms Taktakishvili et al. [2011] determined the CME
parameters using the analytical cone model [Xie et al., 2004] and an automatic method
[Pulkkinen et al., 2010] and found MAEs of 6.9 and 11.2 hours, respectively.

Another set of models that do not use CME measurements as input parameters includes
Shock Propagation Model [SPM; Feng and Zhao, 2006], Shock Time Arrival [STOA;
Dryer and Smart, 1984; Smart and Shea, 1985] model, the Interplanetary Shock Propa-
gation Model [ISPM; Smith and Dryer, 1990], and the Hakamada-Akasofu-Fry Version 2
[HAFv.2; Fry et al., 2001] model. These analytical and numerical models use the location
and duration of the associated soft X-ray flare and the frequency drift rate of the metric
type II radio burst to derive the characteristics of the CME-driven shock near the Sun
required for the model runs. A major distinction between the models is that they describe
the background solar wind through which the shock propagates at different levels of detail.
Zhao and Feng [2015] have developed a version of the SMP model that includes also the
CME speed and provided the most recent comparison between the different versions of
the four shock propagation models. They found that the MAEs of the shock arrival time
were in the range of 8.9-10.0 h.

The CME speed can be measured most accurately from the coronagraphic observations,
if the observing spacecraft has a side view of the CME. However, the Large Angle and

Spectrometric Coronagraph [LASCO; Brueckner et al., 1995] on the SOHO spacecraft can
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provide only a head-on view of the oncoming CME because SOHO spacecraft is located
near Earth. Based on measurements of limb CMEs, Schwenn et al. [2001] reported that in
general there exists a good correlation between the radial speed and the lateral expansion
speed of the CME. They also suggested that the CME expansion speed could be useful
for estimating the radial speed of halo CMEs, for which it is difficult to measure the latter
because of unfavorable geometry. dal Lago et al. [2003] studied 57 limb CMEs observed
by SOHO/LASCO and found an empirical relationship between the expansion and radial
speed of CMEs: V44 &~ 0.88V,,,. Schwenn et al. [2005] studied the V;4q—Ves, relationship
and suggested three plausible cone models of CME geometry, for which the V.4 Vezp
relationship depends on the cone angle. Gopalswamy et al. [2009a] also derived V,,q—
Veap relationships for three CME cone models and suggested that the full ice-cream cone
provided the best fit with CME observations. Michalek et al. [2009] studied the radial
and expansion speed of 256 limb CMEs observed by LASCO and found that the full cone
model agrees with the observations. For the halo CME on February 15, 2011 Gopalswamy
et al. [2012] found that the radial speed measured by the STEREO spacecraft and the
speed calculated using the LASCO expansion speed and the full ice-cream cone model
matched well.

The STEREO and SOHO spacecraft were viewing Earth-directed CMEs in near-
quadrature during January 2010- September 2012, i.e. the coronagraphs of Sun Earth
Connection Coronal and Heliospheric Investigation [SECCHI Howard et al., 2008] suite
on STEREO Ahead and Behind were observing Earth-directed CMEs from a side-view
with minimal projection effects. This quadrature configuration of the observing spacecraft

provides a unique opportunity to test the accuracy of the radial speed-expansion speed re-
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lation for Earth-directed CMEs observed by the SOHO/LASCO coronagraph. The radial
speed—expansion speed relationship is useful for estimating the speed of Earth-directed
CMEs when they are observed from Earth-view only. In addition, we will also test the
empirical shock arrival (ESA) model proposed by Gopalswamy et al. [2005a] using CME

propagation speeds estimated from the CME expansion speeds.

2. Data Analysis

We selected 13 CMEs with sufficient LASCO/C3 and SECCHI/COR2 observations
from the list of Earth-directed CMEs in 2010-2012 published by [Gopalswamy et al.,
2013]. The event list of Gopalswamy et al. [2013] includes CMEs that (i) were
seen as halo CMEs by SOHO (Earth view), (ii) had the speed > 450 km s™!,
and (iii) were driving a shock at L1 as detected by the Charge, Element, and
Isotope Analysis System/Mass Time-of-Flight (MTOF) experiment [Ipavich et al.,
1998] on SOHO. The original selection was based on LASCO halo CME alerts
[see http://umbra.nascom.nasa.gov/lasco/observations/halo/; Gopalswamy et al., 2010].
Some of those full halo CMEs have been later classified as partial halo CMEs in the online
SOHO/LASCO CME catalog [http://cdaw.gsfc.nasa.gov/CME list/; Gopalswamy et al.,
2009b]. We relaxed the Gopalswamy et al. [2013] criterion that accepted only halo CMEs
and included also events that were reported as partial halos in the LASCO Halo Alerts.
This gave us additional 6 events, increasing the total number of events on our data list to
19 events. The CME associated shocks were compiled from an online list at the SOHO
MTOF web site (http://umtof.umd.edu/pm/figs.html). Table 1 lists the 19 CMEs that
we selected for our study. The data in the columns 2-3 and 5 of Table 1 are compiled

from the list of Gopalswamy et al. [2013]. The first column lists the event number and the
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columns 2 and 3 present the shock arrival times at SOHO and the time of the associated
CME. The columns 4 and 5 give the central position angle (CPA) and the width (W)
of the CME as listed in the SOHO/LASCO CME catalog. The column 6 lists the solar
source of the CME (loc) in the heliographic coordinates of the eruption location as seen
in EUV images either from Atmospheric Imaging Assembly [AIA; Lemen et al., 2012]
instrument on the Solar Dynamics Observatory (SDO) or the Extreme Ultraviolet Imager
[EUVI; Wuelser et al., 2004; Howard et al., 2008] on STEREO. The column 7 gives the
LASCO CME speed (V) in km s™!. The columns 8-12 give the width (W; and W5) of the
CME in degrees based on two methods of estimation, the LASCO expansion speed (V.,,)
in km s7!, the radial speed V,,q in km s~! calculated from the full ice-cream cone model
using the width (W3, column 13) of the CME in degrees as measured by the STEREO
spacecraft (s/c) listed in the last column. The STEREO spacecraft for which the CME
source region (flare) appeared to be closer to the limb was used for measurements. The
maximum angular distance of the source region from the limb as seen from the STEREO
spacecraft was 26°. Therefore the projection effects in the STEREO measurements are
minimal. Calculation of the V.4 from the full ice-cream cone model of CMEs is discussed
in Section 2.1.

For each CME we measured the lateral extent L of the CME in the LASCO/C3 field of

view at the time ¢ as shown in Figure 1 and calculated the expansion speed V., as

En Li—L;_1

=2 t,—t;_q
Vigy = —_— 1
P n — 1 ( )

where n is the number of measurements. The angle subtended by the measured lateral
extent L was also used to estimate the width (1W2) of the CME by setting the apex of the

angle at the disk center. We do not take into account the location of the CME source on

DRAFT April 14, 2016, 11:30am DRAFT



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

MAKELA ET AL.: RADIAL SPEED - EXPANSION SPEED RELATION X-9

the disk. We measured the lateral extension by eye and we included only the CME main
body. In the C3 image shown in Figure 1 the CME is the bright round feature extended
by the blue arrow. In the coronagraphic images one can frequently see other features such
as streamer deflections and sheath regions. However, shock fronts itself are impossible to
see in those images because they are far too thin structures. One can only assume that
the outer edge of the sheath region is the shock location. Streamer deflections are bright
features visible mostly around the flanks of the CME, and they need to be excluded, when
estimating the CME extent. In order to do that we have viewed movies of both direct
and running difference images, while we were measuring the lateral extent of the CME,
because the flank of the CME is easier to discern from movies than from single frames.
Sheath regions are easier to identify in the images, because they are fainter structures
surrounding the CME. In the C3 image of Figure 1, such a faint structure is visible at the
opposite side of the occulting disk to the CME.

Another estimate for the width (W1) of the CME was calculated from a simple formula
proposed by Gopalswamy et al. [2010] based on the correlation between the LASCO CME

speed (V') and the LASCO CME width:

64° if V. < 500kms1,
W1=1{ 90°if500kms' <V < 900kms!, 2)
132° if V. > 900 kms~*.

Figure 1 shows as an example the 4 August 2011 halo CME (event #9) that was launched
from a source region at N19W36. Using LASCO images and Equation 1 we calculated the
expansion speed of the CME to be 1682 km s~!. The expansion speed is higher than the
sky-plane speed of 1315 km s~! listed in the LASCO CME Catalog. Using the LASCO

sky-plane speed and Equation 2 we can estimate the CME width to be 132°. The width
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given by this simple formula is doubled compared to the width of 81° estimated from the
STEREO-Ahead images that provide a side view of the CME.

Using the angle W3 as our best estimate of the CME width, because its is measured
from the side view of the CME, we can evaluate the L1-based estimates W2 and W2. The
linear Pearson (Spearman’s rank) correlation coefficients of the angles W1 and W2 with
the angle W3 are, 0.50 (0.50) and -0.0 (-0.06), respectively. The angles W1 estimated
from the LASCO CME speed correlate better with the STEREO angles W3 than the
angle W2 estimated from the CME extent, which provide a poor estimate of the true

CME angle as expected.

2.1. Viaia—Veap Relationship

Figure 2 shows three simple geometrical models of a CME structure and the correspond-
ing V,aq—Vezp relationships as derived by Gopalswamy et al. [2009a]. Each model defines
the CME as a right cone with a flat (flat cone model) or outward curved (shallow and full
ice-cream cone models) bottom that corresponds to the leading edge of the CME. The
length of the slant, the height, and the radius of the cone are R, r, and [/2, respectively.
The angle w is half of the cone opening angle W, i.e. W = 2w. Assuming a self-similar
expansion of the CME, Gopalswamy et al. [2009a] showed that for each model the radial
speed V,44 equals to the expansion speed V,,, multiplied by a function f(w) that depends
only on the angle w, i.e. Vigg = f(w) X Vegyp.

We studied the validity of the three CME cone models by comparing the speed ratio
Viky/Verp to the model predicted speed ratio f(w) using the three different CME width
estimates. The expansion speed V.., was measured from the LASCO images (see Figure 1)

and the radial speed Vi, was measured from the STEREO/COR2 images. The values are
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listed in columns 10 and 12 of Table 1, respectively. Figure 3a shows that the speed ratios
as a function of the CME width W1 (red triangles), W2 (blue squares), and W3 (black
filled circles) fit best to predictions by the full ice-cream cone model (dashed line). The
predicted speed ratios of the flat cone model (solid line) and the shallow ice-cream cone
model (dotted line) both lie well below the plotted speed ratios. We also calculated the V.4
using the theoretical model and the width (W3 in Table 1) of the CME measured using the
STEREO/COR2 images (W = 2w). Figure 3b shows the scatter plot between the radial
speed V,qq calculated using the full ice-cream cone model and the Vi,. The correlation
coefficient was found to be 0.78. The regression line (solid line) with a slope (0.826) close
to unity matches well the dashed line, which indicates a perfect match between the V.4
and Vii,. The correlation coefficient for the flat cone model and the shallow ice-cream cone
model were 0.26 and 0.76, respectively. However, the slopes of the regression line were
0.685 and 0.593, respectively. For the CME width estimates W1 and W2, the correlation
coefficients were 0.76 and 0.70 (full ice-cream cone model), 0.81 and 0.80 (shallow ice-
cream cone model), and 0.15 and 0.31 (flat cone model), respectively . The corresponding
slopes were 0.740 and 1.019 (full ice-cream cone model), 0.564 and 0.720 (shallow ice-
cream cone model), and 0.665 and 0.787 (flat cone model). The correlation coefficients
of the near-Sun CME speeds for the shallow ice-cream model were slightly better than
those for the full ice-cream cone model, but the slopes of the regression lines differed more
from unity, except for the full ice-cream cone model and the CME width W2. However,
the correlation coefficient was lower (0.70) in that case. Therefore, we conclude that the
full ice-cream cone model provides the best estimates of the V. The overall best fit is

obtained when using the CME width W3 from the STEREO measurement (Fig. 3b).
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3. Empirical Shock Arrival Model

Predicting the arrival of the CME and the associated shock remains one of the main
problems of space weather forecasting, because the SOHO/LASCO coronagraphs have
only a head-on view of the Earth-directed CMEs. STEREO/SECCHI observations can
provide a side-view of the Earth-directed CMEs, such as we have utilized in our study,
but those observations are available only for a very limited period during the mission due
to the constant drift of STEREO spacecraft around the Sun. Therefore, we have tested
the prediction accuracy of the ESA model proposed by Gopalswamy et al. [2005a]. The

ESA model is defined as
t=ABY +C, (3)

where t is the shock travel time in hours, V' is the initial CME speed in km s™!, and A =
151.002, B = 0.998625, and C' = 11.5981 [Gopalswamy et al., 2005b]. The derivation of
the ESA model takes into account the average standoff-distance of a CME-driven shock,
which is the distance between the shock and its driver, i.e. the CME. The distance depends
on the geometry of the driving CME and the upstream Alfvenic Mach number [see details
in Gopalswamy et al., 2005a]. The event-to-event variation of the CME properties and
the ambient medium result in variation in the standoff distance of the shock, which can
affect the arrival time of the shock front. The ESA model does not attempt to account
for those effects. However, the model parameters were obtained by using CME/shock
observations, therefore they do to some extent reflect the average combined effect of all

significant factors affecting the shock propagation.

3.1. Shock Arrival Time Predictions
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We used the ESA model together with the full ice-cream cone model (Figure 2a) of the
CME to predict the shock arrival times. In order to calculate the radial speed V,,4 from
the measured expansion speed V,,,, we need to estimate of the half width (w) of the CME.
As in Section 2, we use three different methods to estimate the CME width (W = 2w):
(i) direct measurement from the STEREO/COR2 image (W3 in Table 1); (ii) the width—
speed relationship by Gopalswamy et al. [2010] (W7 in Table 1); (iii) direct measurement
of the lateral extension of the CME from the LASCO/C3 images (W, in Table 1; see also
Figure 1). The estimation of the CME extension was made by eye. In order to get the
Earth-directed radial speed the calculated speed was multiplied by cos(6)cos(¢), where 0
is the source longitude and ¢ is the source latitude in heliographic coordinates. Table 2
lists the obtained CME speeds. The speeds V1, V2, and V3 in columns 46 are calculated
using the widths Wy, W5, and Wj listed in Table 1. The corresponding shock travel times
t1, to, and t3 are listed in columns 8-10. The differences Aty, Ats, and Ats between the
calculated travel times and the observed travel time t,s in column 7 are given in the
columns 11-13. The observed travel time of the shock ¢, is defined to be from the first
observation time of the CME to the shock arrival time at SOHO.

Figure 4 shows the histograms for the differences At;, At,y, and Ats between the calcu-
lated travel times and the observed travel time t,s. The mean absolute error (MAE)
is 8.4 hours, if we use the ESA model and the CME speed estimate based on the
STEREO/COR2 measurements of the CME width (W3 in Table 1). If the CME width
estimation is based on the LASCO measurements only (W; in Table 1 from Equation 2
or Wy in Table 1 from the LASCO/C3 lateral extension measurement) the MAE values

are 14.0 hours and 16.4 hours, respectively. The respective root mean square errors (RM-
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SEs) are 5.8 hours (W3), 10.4 hours (W2), and 11.6 hours (WW1). The best prediction for
the shock travel time is obtained by the ESA model when the CME width is measured
using the STEREO/COR2 observations. The MAE of 8.4 hours for our set of 19 events
is larger than the MAE of 7.3 hours reported by Gopalswamy et al. [2013] for their set
of 20 CMEs. Our prediction error would be smaller (MAE=7.5 hours), if we exclude the
2011 February 18 shock event (event #2) for which the arrival time was estimated to be
25.8 hours too early. The details of the associated CME together with another outlier
CME on 2012 July 12, which is not in our event list, are discussed in Gopalswamy et al.
[2013], who excluded both of these events. They note that the associated CME on 2011
February 15 was preceded by 11 CMEs within a 32-hour period. They suggests that the
slower preceding CMEs increased the effective drag on the 2011 February 15 CME, hence
it arrived significantly later than predicted by the ESA model. Table 3 lists the errors
for all models and CME width estimates used in our analysis. From Table 3 it is clear
that the MAESs for the ESA model predictions calculated from the shallow ice-cream cone
model or flat cone model using the CME width estimates derived from SOHO (W1 and

W2) or the STEREO (W3) observations are significantly larger.

4. Discussion and Conclusions

First we tested the validity of the V.4 Vs, relationships derived using the simple
geometrical cone models of the CME derived by Gopalswamy et al. [2009a] (see Fig-
ure 2). Our data set consisted of 19 Earth-directed CMEs observed by both SOHO and
STEREO spacecraft during January 2010-September 2012, when the spacecraft were in
near-quadrature [Gopalswamy et al., 2013]. During the study period, the STEREO/COR2

observations provided a side-view of the selected CMEs with minimal projection effects.
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Our comparison of the ratio of the CME radial speeds measured from the STEREO/COR2
observations and the CME expansion speeds measured from the LASCO/C3 observations
to the model predictions showed that the best match is obtained for the full ice-cream
model. Our result is in accordance with the results obtained by Michalek et al. [2009], who
studied 256 limb CMEs for which they estimated the CME widths from the LASCO/C3
lateral extension measurements. They divided the CMEs into seven 20° bins and showed
that the ratio of the average measured radial speed and the average calculated expan-
sion speed in each group follows the prediction by the full ice-cream cone model. Similar
conclusion was reached by Gopalswamy et al. [2012] who studied the halo CME on 15
February 2011. Therefore, we conclude that the full ice-cream cone model of the CME
should be used for estimating the CME radial speed from the CME expansion speed.
Secondly we tested the accuracy of shock propagation model (the ESA model) proposed
by Gopalswamy et al. [2005a], when the CME radial speed is estimated using the full ice-
cream model of the CME. We used three different methods to measure the CME width,
which is the required input for the CME model. We measured the CME width (i) directly
from the STEREO/COR2 images (ii) from the simple CME width-speed relationship
(Equation 2) suggested by Gopalswamy et al. [2010] and (iii) from the direct measurement
of the CME lateral extent in the LASCO/C3 images. Our results showed that the best
prediction accuracy is achieved when the STEREO/COR2 width measurement are used.
In that case the MAE between the observed travel time of the shock and the ESA predicted
travel time is 8.4 hours and the RMSE is 5.8 hours. If we use the LASCO measurements

to estimate the CME width (either from Equation 2 or from direct CME lateral extent
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measurement), then the MAEs increase by 1.7 and 2.0 times (14.0 hours and 16.4 hours),
respectively. The RMSEs also increase to 10.4 hours and 11.6 hours, respectively.

In a recent study, Shanmugaraju et al. [2015] suggested a shock travel time model where
the shock transit time dependence on the CME speed only. The comparison with the ESA
model (see their Figure 3) shows that both models predict similar shock transit times for
CMEs with a speed > 600 km s~!. For slower-speed CMEs, the model by Shanmugaraju
et al. [2015] predicts shorter travel times than the ESA model. Falkenberg et al. [2011]
analyzed 16 shock fronts identified at Mars from Mars Global Surveyor observations and
at Earth from OMNI data in 2001 and 2003, when the separation between Earth and
Mars was < 80° in heliocentric longitude. They identified the associated CME driving
the shock from the SOHO/LASCO catalogue and modelled the CME propagation by
running the ENLILv2.6 model for which the MAS or WSA models provided the coronal
solar wind solution. The four of the six CME input parameters to the model (time,
speed, direction and angular width) were obtained using either the manual method by
Xie et al. [2004] or the automated method by Pulkkinen et al. [2010]. The other two
parameters, the CME density and temperature, were set to the standard values of 1200
cm?® and 0.8 MK, respectively. Falkenberg et al. [2011] found that the MAEs of the shock
arrival times at Earth simulated with ENLILv2.6 were 13 hours (manual method) and
15 hours (automated method). In another study of 36 strong geomagnetic storm events,
Taktakishvili et al. [2011] were able to drive the input parameters for 20 CMEs out of
the 36 CMEs using the same methods of Xie et al. [2004] and Pulkkinen et al. [2010].
They used the two sets of CME inputs to simulate the shock propagation with the WSA-

ENLIL model and obtained the MAEs of 6.9 and 11.2 hours, respectively. In addition,
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they analyzed the events using the ESA model for which the MAE was 8.0 hours. These
results are comparable to previous study by Taktakishvili et al. [2009] were they used
the WSA-ENLIL model with the CME parameters obtained from the cone model of Xie
et al. [2004] and the ESA model to predict the shock arrival times for a set of 14 mainly
fast CMEs that occurred between August 2000 and December 2006. In this study they
found the MAE for the ENLIL model to be 5.9 hours and that for the ESA model 8.4
hours. Millward et al. [2013] obtained a slightly lower prediction accuracy (7.5 hours) for
the WSA-ENLIL model in a study of 25 CMEs observed during October 2011-October
2012. They analyzed multi-viewpoint CME observations provided by the SOHO and
STEREOQO spacecraft using the CAT software, which is in routine use at the NOAA Space
Weather Prediction Center (SWPC), to improve their CME input parameter estimation.
Recently Mays et al. [2015] made ensemble predictions of the CME-driven shock or the
disturbance arrival times using WSA-ENLIL+Cone model for a set of 30 CMEs observed
during January 2013-July 2014. They found the MAE and the RMSE of the ensemble
predictions to be 12.3 hours and 13.9 hours, respectively. These errors are comparable
to the errors reported by Falkenberg et al. [2011]. The ENLIL model seems to be able
to provide slightly better prediction accuracy than the ESA model, if the CME input
parameters can be estimated sufficiently precisely.

Hess and Zhang [2015] modeled the shock propagation with a drag-based model that also
extends the CME measurements as far out from the Sun as possible using STEREO/HI
data. They predicted the arrival times of both the ejecta and the preceding sheath with the
MAE of 1.5 and 3.5 hours, respectively. However, the studied set of events included only

seven CMEs. In another study using the STEREO/HI data, Mdstl et al. [2014] fitted the
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time—elongation measurements of CMEs using geometrical models that assume different
shapes for the shock front and they also assumed a constant CME speed and propagation
direction. They studied 22 CMEs and were able to reduce the MAE from 8.1 hours down
to 6.1 hours by applying an empirical correction to their initial predictions. Extending
the CME measurements farther out from the Sun naturally improves the accuracy of
the shock arrival predictions, but it also reduces the lead time of the prediction. Maostl
et al. [2014] report an average lead time of 26.4 hours for the 22 CMEs (range from -53.6
to +0.28 hours) and Hess and Zhang [2015] mention that in their study the lead time
counted from the time of the last SECCHI image used for the CME measurement was at
least 36 hours. Assuming that the CME images can be transmitted promptly for ground
analysis, the lead times are mostly feasible. Clearly the model by Hess and Zhang [2015]
performs better than our simple ESA model. The geometrical models analyzed by Mastl
et al. [2014] provide comparable or slightly better accuracy.

A widely used group of shock arrival time prediction models do not use input parameters
derived from CME measurements. Instead input parameters for the near-Sun shock are
derived from the drift rate of type II solar radio burst, the duration of soft X-ray flare,
and the source location of the flare. In addition, the speed and density of the background
solar wind is modeled with varying levels of detail. Similar to the ENLIL model, these
models can predict if the shock arrives at Earth or not. Zhao and Feng [2015] reported on
the results of their updated version of the Shock Propagation Model (SPM3). They found
that the MAE of the shock travel times predicted by the SPM3 is 9.1 hours. They also
compared the SMP3 results with the predictions of other models such as the STOA [Dryer

and Smart, 1984; Smart and Shea, 1985] model, the ISPM [Smith and Dryer, 1990], and
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the HAFv.2 [Fry et al., 2001] model and also with the earlier version of their own model
called SMP2 (see their Table 4). They found that the MAEs of all models ranged from
8.87 hours to 10.04 hours. Liu and Qin [2015] used the STOA model to study 220 solar
eruption events with a shock at Earth during the solar cycle 23. The RMSE of the STOA
model was 18.26 hours and 17.88 hours for a modified STOA model. Compared to the
results of these physics-based solar-eruption-driven models, our predictions of the shock
arrival times are comparable.

We conclude that the full ice-cream cone model of the CME is the best model to
estimate the CME radial speed from the CME expansion speed. We also note that all
the other MAEs reported for the ESA model in earlier studies are comparable to our
results of 8.4 hours that was obtained using the CME width derived from the STEREO
measurements in near-quadrature. The prediction error of the ESA model increases up
to 14.0-16.4 hours, if the CME width is derived from SOHO observations only. When
the results of the ESA model are compared with those obtained with the ENLIL model,
the errors in the arrival time predictions by the considerably simpler ESA model seem
are slightly larger (0.9-2.5 hours) than the most accurate results reported for the ENLIL
model. However, it appears that if the CME parameters are not selected carefully, the
prediction accuracy of the ENLIL model decreases into 11-15 hours. The best prediction
accuracy of 3.5 hours was obtained for the sheath arrival time with a drag-based model by
Hess and Zhang [2015]. The other geometrical and physics based models provide results
that are comparable to the results of the ESA model based on the STEREO observations
in near-quadrature. Based on comparisons of the ESA model predictions of the shock

arrival times with those of other models, we can conclude that the ESA model using the
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STEREO measurements is able to predict the shock arrivals with a comparable or in some
cases even with a better accuracy, excluding the recent drag-based model and those based

the ENLIL model obtained by Taktakishvili et al. [2009, 2011] and Millward et al. [2013].
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STEREO and SOHO spacecraft. The running difference images shown are for STEREO-

B/COR2 (top left), STEREO-A/COR2 (top right) and SOHO/C3 (bottom). The blue
double-headed arrow marks the lateral extent of the CME in the C3 field of view. The
schematic plot at the middle shows the relative locations of the spacecraft and the arrow

points to the flare location at the Sun.
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Figure 2. Different CME cone models and the corresponding V,.qVesp relationships

(adapted from Gopalswamy et al. [2009a]).
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Figure 3. (a) Comparison of the speed ratio f(w) = V,q4/Vesp to the predicted ratios
of the three CME models of Figure 2 using the three different CME width estimates.
The angle w is half of the cone opening angle (W1, W2 and W3 in Table 1). (b) The
measured SECCHI/COR2 radial speed Vyy, versus the radial speed V.4 calculated using
the full ice-cream cone model shown in Figure 2a and the CME width W3 obtained from
the STEREO observations. The correlations coefficient and the equation of the regression
line (solid line) are plotted on the figure. The dashed line correspond the line V; .4 = Vi -
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Figure 4. Differences between the observed travel time of the shock (f,s) and the
shock travel times (tgsa) predicted by the ESA model. The CME speed was calculated
from the full ice-cream cone model using the CME width (a) from the formula suggested
by Gopalswamy et al. [2010] using the CME catalog speed (WW; in Table 1), (b) from
the direct LASCO/C3 lateral extension measurement (W5 in Table 1) and (c) the direct
STEREO/COR2 measurements (W3 in Table 1). MAE stands for the mean absolute error

and RMSE for the root mean square error.

Table 3. The RMSE and MAE values in hours.
CME  Full Ice-Cream Cone Shallow Ice-Cream Cone Flat Cone

Width MAE RMSE MAE RMSE MAE RMSE
W1 14.0 10.4 25.7 13.6 54.6  18.3
W2 16.4 11.6 26.4 13.8 61.6  27.7
W3 8.4 5.8 12.7 8.3 28.7 153

DRAFT April 14, 2016, 11:30am DRAFT






(a) Full Ice-Cream Cone (b) Shallow Cone (c) Flat Cone

Sun R

(S

V.4 = 1/2 cosec(w) V

V.4 = 1/2(1 + cot(w))V

V 4 = 1/2 cot(w) V

exp

exp exp



— f(w) = cot(w)/2 (fla

20 40 60

w [deq]

100

Vrad [10° km/s]

25 AL L L L DL DL LA LB DL L l".

r Full Ice-Cream Cone (b)."1

[ CC =+0.78

| Vrad =294 + 0.826 Vsky
20F -
1.5 -
1.0f -
0.5F -
OO||||

00 05 10 15 20

Vsky [10° km/s]

2.5



# of Events

[ @ MAE = 14.0 hr | (b) MAE = 16.4 hr | (c) MAE = 8.4 hr |
RMSE = 10.4 hr RMSE = 11.6 hr RMSE = 5.8 hr

-24-18-12-6 0 6 12 18 24 30 36 -24-18-12-6 O 6 12 18 24 30 36 -24-18-12-6 O 6 12 18 24 30 36
tesatops [N1] tesa-tons [Nr] tesatops [N1]



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4

